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Considerable effort has been directed towards replacing lost teeth using tissue-engineering methods 
such as titanium implants. A number of studies have tried to modify bioinert titanium surfaces by 
coating them with functionally bioactive molecules for faster and stronger osseointegration than pure 
titanium surfaces. Recently, peptides were recognized as valuable scientific tools in the field of tissue-
engineering. The DLTIDDSYWYRI motif of the human laminin-2 α2 chain was previously reported 
to promote the attachment of various cell types; however, the in vivo effects of the DLTIDDSYWYRI 
motif on new bone formation have not yet been studied. To examine whether a laminin-2-derived 
peptide can promote osseointegration by accelerating new bone formation in vivo, we applied titanium 
implants coated with the DLTIDDSYWYRI motif in a rabbit tibia model. The application of the 
DLTIDDSYWYRI motif-treated implant to tibia wounds enhanced collagen deposition and alkaline 
phosphatase expression. It significantly promoted implant osseointegration compared with treatment 
with scrambled peptide-treated implants by increasing the bone-to-implant contact ratio and bone area. 
These findings support the hypothesis that the DLTIDDSYWYRI motif acts as an effective 
osseointegration accelerator by enhancing new bone formation. 
 
Keywords: Laminin-2-derived peptide; Titanium implant; Tissue-engineering; Osseointegration; 
Bone-to-implant contact ratio 
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Considerable effort has been directed towards regenerating defective tissues using tissue-
engineering methods. Dental implants prepared from titanium (Ti) have been used to replace lost teeth 
through direct contact with surrounding bone, a process known as osseointegration. Modifications of 
Ti surfaces can cause faster and stronger osseointegration than on pure Ti surfaces [1-4]. Many 
researchers have tried to modify bioinert Ti surfaces of dental implants by coating them with bioactive 
molecules, such as calcium phosphate and bone morphogenic proteins (BMPs), to enhance 
osseointegration and to shorten the healing period of the bone. Although calcium phosphate-coated 
implants show superior early bone response and clinical success in prior studies [5-9], there are still 
some problems, including coating fragmentation and osteolysis due to wear particles. Similarly, using 
recombinant human BMP-2 is associated with complications such as early osteolysis and implant 
subsidence, although it usually results in excellent bone response at the interface between the bone 
and the implant [10]. 
To apply tissue-engineering methods for the treatment of patients, several problems, such as the 
functional activity and immune rejection of these engineered tissues, must first be resolved. Recently, 
peptides have been recognized as valuable scientific tools in the field of tissue-engineering because of 
their ability to improve the functional activity of the scaffold and to bypass or minimize immune 
rejection [11]. The surface modification of scaffolds with peptides has been tested extensively, and 
the application of these peptides to tissue regeneration is highly attractive. 
The laminin 2 chain, which contains five carboxyl-terminal large globular (LG) domains, has 
cell binding activity [12,13] and is reported to show cell attachment characteristics via integrins or by 
binding to syndecan-1. This property was expected to help the bone respond to the implant surface 
more favorably without the disadvantages of calcium phosphate and BMP [14-16]. Several synthetic 
peptides derived from the laminin 2 chain LG domains promote cell attachment [15,16]; however, 
investigations of laminin have mainly focused on epithelial attachment instead of bone-to-implant 
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contact [17-19]. The potential roles of functionally bioactive peptides on osseointegration have not yet 
been elucidated. 
The attachment of bone cells to implant surfaces is the first step in bone healing. Therefore, the 
cell attachment properties of laminin may be applied to Ti implant surfaces to improve biologic 
response at the bone-implant interface. We recently reported that the DLTIDDSYWYRI motif (amino 
acids 2221-2232; Ln2-P3) within the human laminin 2 LG1 domain mediates cell attachment 
through syndecan-1 by inducing phosphorylation and membrane localization of protein kinase Cδ (Fig. 
1). Furthermore, Ln2-P3 has a broad spectrum of cell-type attachment activity [15]. These studies 
suggest the hypothesis that a laminin-2-derived peptide, Ln2-P3, can promote new bone formation 
and osseointegration of Ti implants in vivo. In the present study, the effect of Ln2-P3 was examined in 




































































2. Materials and methods 
 
2.1. Preparation and characterization of the Ti discs and Ti implants 
  
Ti discs (20 mm and 50 mm in diameters, 0.5 mm thick) were prepared from commercially pure 
grade 4 Ti. Four types of disc surfaces were then prepared. First, pure Ti surfaces without any surface 
modification serving as controls. The second type of disc was a Ti surface that was sandblasted with 
large alumina (Al2O3) particles and etched with hydrochloric acid solution (SLA surface; Dentium, 
Seoul, Korea), rinsed, ultrasonically washed, and dried. The third type of surface was an anodized Ti 
disc (Dentium) that was anodically oxidized in an aqueous electrolyte solution under a pulsed direct 
current field at 660 Hz. The electrolyte was prepared by dissolving 0.15 M calcium acetate 
monohydrate [Ca(CH3COO)2H2O] and 0.02 M calcium glycerophosphate (CaC3H7O6P) in double-
distilled water (DDW). Anodic oxidation was carried out at 270 V for 3 min in a water-cooled bath. 
The thickness of the oxide layer was approximately 2 m. The fourth type of surface was calcium 
phosphorus (Ca-P)-coated. First, the Ti surface was sandblasted and acid-etched, like the third type of 
surface. Then, Ca-P thin film (~300 nm thickness) was deposited on the surface with an electron beam. 
The Ca-P evaporants for electron beam deposition were prepared by sintering a mixed hydroxyapatite 
(Alfa Aesar, Johnson Matthey, London, UK) and calcium oxide (Sigma-Aldrich, St. Louis, MO, USA) 
powder at 1000
o
C for 2 h. Finally, the surface was heat-treated at 350oC for 1 h. Electron probe micro-
analysis (EPMA; JXA-8900R, Jeol, Tokyo, Japan) and confocal laser scanning microscopy (CLSM; 
LSM 5-Pascal, Carl Zeiss AG, Oberkochen, Germany) were performed to determine the chemical 
composition and roughness of each surface. The Ti implants (3.5 mm in diameter, 8 mm long) were 
prepared from commercially pure grade 4 Ti (Warrantec, Seoul, Korea). This pure, screw-shaped Ti 
implant was used without further surface modifications for an animal experiment in this study.  
 





































































Osteoblast-like MG63 and HOS cells were purchased from the American Type Culture Collection 
(ATCC, Rockville, MD, USA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco 
BRL, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS). All peptides were 
synthesized by the Fmoc (9-fluorenylmethoxycarbonyl)-based solid-phase method with a C-terminal 
amide by using a Pioneer peptide synthesizer (Applied Biosystems, Foster City, CA, USA), purified, 
and then characterized at Peptron (Daejeon, Korea). The purities of all peptides used in this study 
were greater than 95%, as determined by high-performance liquid chromatography. 
 
2.3. Immobilization of synthetic peptides on culture plates, Ti discs and Ti implants 
 
Twenty-four-well plates (Nunc, Roskilde, Denmark) were coated with human placental laminin 
(1.3 μg/cm
2
; Sigma-Aldrich), scrambled peptide (21 μg/cm
2
; SP), or Ln2-P3 (21 μg/cm
2
) by drying 
for 18 h at room temperature and then washing with phosphate-buffered saline (PBS). These values 
were the lowest concentrations at which the maximum level of attachment activity of PC12 cells was 
determined from dose-response curves [15]. The Ti discs (20 mm in diameter, 0.5 mm thick) were 
placed on 12-well culture plates, coated with synthetic peptides (21 μg/cm
2
) by drying for 18 h at 
room temperature, blocked with/without 1% heat-inactivated bovine serum albumin (BSA) for 1 h at 
37
o
C, and then washed with PBS. The Ti implants were placed on 0.2 ml PCR tubes and coated with 
synthetic peptides (1 mg/cm
2
) by drying for 7 d in a vacuum at room temperature. To determine the 
coating efficiency of the synthetic Ln2-P3 onto the Ti implant, peptide-coated Ti implants were 
transferred to a new PCR tube and washed twice for 15 min in distilled water at room temperature. 
The amount of remaining peptide was determined using a BCA
TM
 protein assay kit (Thermo Scientific, 
Rockford, IL, USA). 
 





































































Cell attachment and spreading were assayed as previously described [20]. Briefly, HOS and 
MG63 cells were detached by trypsin digestion, 500 μl of a cell suspension containing 1 X 10
5
 cells 
was placed in each well of a 24-well plate coated with peptide, and the cells were allowed to 
settle/adhere for 1 and 3 h at 37
o
C in a 5% CO2 atmosphere. Ti discs (20 mm in diameter, 0.5 mm 
thick) were placed on 12-well culture plates, coated with/without synthetic peptides, and 1 ml of a cell 
suspension containing 2 x 10
5
 cells was added to them. The cells were allowed to settle/adhere for 1 h 
at 37
o
C in a 5% CO2 atmosphere. Loosely adherent or unbound cells were removed by aspiration, and 
the wells were washed once with PBS. The remaining bound cells were fixed with 10% formalin in 
PBS for 15 min and stained with 0.5% crystal violet for 1 h. The wells were gently rinsed with DDW 
three times, photographed using an Olympus BX51 microscope at 100x magnification, and lysed with 
2% SDS for 5 min. Absorbance was measured at 570 nm in a model 550 microplate reader (Bio-Rad, 
Hercules, CA, USA). Cell spreading was analyzed with photographs that were taken during the cell 
attachment assay. To ensure a representative count, each sample was divided into quarters and two 
fields per quarter were photographed with an Olympus BX51 microscope at 100x magnification. The 
area of each spreading cell was determined using a computer equipped with Image-Pro plus software 
(Media Cybernetics, Silver Spring, MD, USA). At least 200 cells were examined on each occasion. 
Averages and standard deviations were calculated from four independent experiments.  
 
2.5. Time-dependent cellular adhesion profiling 
 
The xCELLigence system (Roche Applied Science, Mannheim, Germany) is a real-time cell 
analyzer that evaluates cell attachment. The method by which the system measures cell attachment 
has previously been described [21]. Each well was equilibrated with 100 μl of serum-free DMEM for 
15 min. MG63 cells (2 x 10
4
 cells/well) were seeded onto SP (21 μg/cm
2
)- or Ln2-P3 (21 μg/cm
2
)-




































































and converted it to another variable, the cell index. An increase of the cell index implies increase of 
cell attachment to the well. The cell indices of MG63 cells were monitored every min for 3 h, and 
then were measured every 10 min for 2 h.  
 
2.6. Scanning electron microscopy 
 
SEM was used to examine the cell attachment of MG63 cells cultured onto the Ti surfaces. Ti 
discs (20 mm in diameter, 0.5 mm thick) were placed in 12-well plates, with one disc per well. The 
culture plates containing the Ti discs were coated with/without synthetic peptides, washed once with 
PBS, and seeded with 1 ml of a cell suspension containing 1 X 10
5
 cells. The cultures were incubated 
for 1 h at 37C in 5% CO2. The loosely adherent or unbound cells from the experimental wells were 
removed by aspiration, the wells were washed once with PBS, and the remaining bound cells were 
fixed in 4% paraformaldehyde in PBS for 15 min. The fixative was then aspirated. After washing in 
the buffer, the Ti discs were dehydrated in a graded series of ethanol solutions. After critical point 
drying (HCP-2, Hitachi, Tokyo, Japan), the samples were sputtered with Au/Pd using an SEM coating 
system (Quorum Q150T-S, Quorum Technologies, West Sussex, UK), and the probes were examined 
by field emission-SEM (FE-SEM; Hitachi S-4700, Hitachi) at 15 kV. To ensure a representative count, 
each Ti disc was divided into quarters and one field per each quarter was photographed using FE-
SEM and counted. Averages and standard deviations were calculated from three independent 
experiments.  
 
2.7. Alkaline phosphatase assay 
 
The 60-mm culture dishes containing the Ti discs (50 mm in diameter, 0.5 mm thick) were coated 
with SP or Ln2-P3 (21 μg/cm
2
) by drying for 18 h in a vacuum at room temperature and then washed 




































































containing 8 x 10
5
 cells were placed on each Ti surface and on control plastic dishes. The cells were 
cultured for 1 d and 3 d at 37
o
C in a 5% CO2 atmosphere. The medium was changed every 2 d. At the 
end of the incubation, Ti discs were transferred to new 60-mm culture dishes. Alkaline phosphatase 
(ALP) activity was assayed in a reaction mixture composed of 8 mM p-nitrophenyl phosphate 
(Calbiochem, San Diego, CA, USA), 0.1 M glycine-NaOH buffer, pH 10.4, 150 mM MgCl2, 150 mM 
ZnCl2, and 15 μl of cytosol in a final reaction volume of 90 μl. The reaction was incubated for 1 h in a 
water bath at 37
o
C and was terminated by the addition of 210 μl of 0.25 N NaOH. The absorbance 
was measured at 405 nm in a Bio-Rad Model 550 microplate reader (Bio-Rad). Enzyme activity was 
expressed as nmol p-nitrophenol product per min per μg of protein. 
 
2.8. Real-time RT-PCR 
 
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the 
manufacturer's instructions. After the RNA was denatured by 70˚C incubation for 10 min and kept on 
ice for 5 min, cDNA was prepared using SuperScript™ III Reverse Transcriptase (Invitrogen, 
Carlsbad, CA, USA) and a random hexamer (Fermentas, Hanover, MD, USA), and then subjected to 
real-time PCR amplification using SYBR
®
 Green PCR Master Mix (Takara, Shiga, Japan) that 
contained a 300 nM final concentration of each primer and cDNA, corresponding to 17 ng of total 
RNA. Real-time PCR was performed using the 7300 Real-time PCR System (Applied Biosystems). 
Primer sequences were designed using Primer Express
®
 Software version 3.0 (Applied Biosystems). 
The PCR primers used were as follows: ALP, 5’-CCCACGTCGATTGCATCTCT-3’ (sense) and 5’-
AGTAAGGCAGGTGCCAATGG-3’ (antisense); bone sialoprotein, 5’-
AAGGCTACGATGGCTATGATGGT-3’ (sense) and 5’-AATGGTAGCCGGATGCAAAG-3’ 
(antisense); type I collagen, 5’-CAAAAAATGGGAGACAATTTCACA-3’ (sense) and 5’-
TCATGTTCGGTTGGTCAAAGAT-3’ (antisense); Cbfa-1, 5’-GCCTTCAAGGTGGTAGCCC-3’ 




































































GAAGCCCAGCGGTGCA-3’ (sense) and 5’-CACTACCTCGCTGCCCTCC-3’ (antisense); 
osteonectin, 5’-TACATCGGGCCTTGCAAATAC-3’ (sense) and 5’-
GGGTGACCAGGACGTTCTTG-3’ (antisense); osteopontin, 5’-CAGCCTTCTCAGCCAAACG-3’ 
(sense) and 5’-TAACTGGTATGGCACAGGTGATG-3’ (antisense); and hypoxanthine 
phosphoribosyltransferase 1 (HPRT1), 5’-GGTCAGGCAGTATAATCCAAAGA-3’ (sense) and 5’-
GGGCATATCCTACAACAAACT-3’ (antisense). After incubation at 95˚C for 4 min, PCR cycling 
conditions consisted of 40 cycles at 95˚C for 15 seconds, 60˚C for 20 seconds, and 72˚C for 34 
seconds. To analyze the data, cycle threshold values were determined by automated threshold analysis 
with Sequenced Detection Software version 1.4, after which the calculated cycle threshold values 
were exported to Microsoft Excel for analysis. The relative expressions of each target mRNA were 
calculated using the comparative cycle threshold method according to the manufacturer’s protocol 
(Applied Biosystems). 
 
2.9. Animal experiments 
 
We used nine male New Zealand white rabbits that ranged from one- to two-years-old (2.5-3.5 kg) 
for animal experiments. The rabbits showed no signs of disease. The anesthetic procedures, 
preparation of the surgical site, and drilling for implant insertion were performed as described 
previously [9,22,23]. Drilling was done at the upper cortex only. The diameter of the holes drilled for 
implant insertion was 3.2 mm. Twenty seven pure, screw-shaped Ti implants (3.5 mm in diameter, 8 
mm long) were used. Among these, 9 implants were treated with SP and another 9 with Ln2-P3, as 
mentioned above. The other 9 implants, which had pure Ti surfaces without further surface 
modifications, served as negative controls. Each rabbit received three implants, which included all 
three groups. Two implants were inserted in the right tibia and one implant was placed in the left tibia. 
The implants were assigned according to a 3 by 3 Latin square (Fig. 2). The implants penetrated the 




































































was sutured with 4-0 silk (Ethicon, Somerville, NJ, USA). This study was approved by the Animal 
Research Committee of Seoul National University, Seoul, Korea. All experiments were performed in 
accordance with the guidelines of the Institute of Laboratory Animal Resources at Seoul National 
University (approval number: SNU-111123-2). 
 
2.10. Histological assessment 
 
The animals were anesthetized and sacrificed by an intravenous administration of potassium 
chloride for histomorphometry. Three rabbits were sacrificed at each study interval of one, two, and 
four weeks after implant insertion. The implants were surgically removed en bloc with an adjacent 
bone collar and immediately fixed in 4% neutral formaldehyde. The histomorphometric specimens 
were prepared as described previously [9,24,25]. Bone-to-implant contact (BIC) ratio and bone area 
were measured in the best three consecutive threads using a light microscope (Olympus BX 
microscope, Olympus, Tokyo, Japan) and image analysis software (Kappa Imagebase, Kappa Opto-
electronics GmbH, Gleichen, Germany). The measurements were performed at 100 magnification. 
In addition, the sections were stained using modified Goldner’s Masson trichrome staining 
technique and ALP histochemistry. We assayed collagen deposition using modified Goldner’s Masson 
trichrome staining because it is adequate to detect collagen deposition of the undecalcified bone 
specimens [26]. Briefly, the sections were stained in Weigert hematoxylin for 20 min, washed in 
running water for 5 min, and rinsed in double-distilled water (DDW). Then, the sections were stained 
in Blebrich scarlet-acid fuchsin solution for 20 min and placed in 1% acetic acid solution for 5 min. 
The slides were placed in phosphomolybdic-phosphotungstic acid solution for 5 min followed by 1% 
acetic acid solution for 3 min. The sections were transferred into Aniline Blue solution for 5 min and 
placed in 1% acetic acid solution. After washed and dehydrated, the slides were examined at 100 
magnification using the light microscope. New bone or osteoid is known to be stained red using this 




































































sections were stained in nitroblue tetrazolium choloride/5-bromo-4-choloro-3-indolyl phosphate 
toluidine (NBT/BCIP) salt solution at 37
o
C for 24 h. The slides were counterstained with methyl 
green for 1 min and rinsed and examined at 200 magnification using the light microscope. 
 
2.11. Statistical evaluations 
 
Results were compared by analysis of variance (ANOVA). When significant differences were 
found, pairwise comparisons were performed using Scheffe’s adjustments. In the animal experiments, 
statistical analyses of BIC ratio and bone area data were performed by Kruskal-Wallis tests. P-values 




































































3. Results  
 
3.1. Effect of Ln2-P3 on cell attachment and spreading 
 
We previously found that the Ln2-P3 within the human laminin α2 LG1 domain is a major ligand 
for syndecan-1, which mediates cell attachment through the PKCδ signaling pathway in PC12 cells 
[15]. Because osteoblasts play a central role in bone formation and regeneration, and Ln2-P3 has a 
broad spectrum of cell-type activity in the attachment of normal human epidermal keratinocytes, 
normal human dermal fibroblasts, CV-1, and NIH/3T3 [15], the effect of Ln2-P3 on cell attachment 
and spreading of osteoblast-like HOS and MG63 cells were examined to determine whether Ln2-P3 
could be used in biomedical applications, particularly for enhancing the osseointegration of Ti 
implants. The attachment of MG63 and HOS cells was evaluated using a cell attachment assay in 
serum-free medium. As hypothesized, human placental laminin strongly promoted cell attachment 
(Fig. 3A and B) and the spreading (Fig. 3D) of HOS and MG63 cells. Ln2-P3 had a strong effect on 
cell attachment relative to BSA or SP in HOS and MG63 cells. In fact, cell attachment to Ln2-P3 was 
similar to that observed in human placental laminin (Fig. 3A and B). To further confirm the 
enhancement of Ln2-P3-dependent cell attachment activity, impedance-based time-dependent cell 
response profiles were determined and showed a strong association with cell attachment assay (Fig. 
3C). To further evaluate the attachment activity of Ln2-P3, we determined whether adherent cells 
were tethered to the substrate or spread over the Ln2-P3. Similar to human placental laminin, Ln2-P3 
had a strong effect on cell spreading compared with the BSA and a SP in MG63 cells (Fig. 3A and D). 
Although HOS cell spreading on Ln2-P3 was reduced by approximately 20% compared to laminin, 
Ln2-P3 showed significantly higher cell spreading than BSA or SP (Fig. 3A and D). These results 
support the hypothesis that Ln2-P3 is functionally active in promoting the cellular responses of 





































































3.2. Effect of Ti surface compositions on cell attachment 
 
The EPMA and CLSM analyses showed that the chemical composition and roughness of each 
surface were similar to those of previous studies (Table 1) [9,22-25]. The attachment of MG63 cells 
on modified Ti surfaces was evaluated using a SEM in serum-free medium. MG63 cells adhered to 
anodized and (Ca-P)-coated Ti surfaces but only weakly attached to SLA and pure Ti surfaces (Fig. 
4A and B). When Ln2-P3 was treated onto the anodized Ti surface, the coated surface was expected 
to show the best result in cellular response. Pure Ti surfaces have an advantage in that additional 
modification procedures are unnecessary when the surface is treated with functionally bioactive 
peptides. Ln2-P3-treated anodized and pure Ti surfaces were, therefore, compared in this study. The 
attachment of MG63 cells on Ln2-P3-treated pure Ti surfaces was significantly higher than that of SP-
treated pure Ti surfaces and pure Ti surfaces without peptide coating, but Ln2-P3-treated anodized Ti 
surfaces did not show such an effect (Fig. 4C and D). Unexpectedly, there was no significant 
difference in cell attachment between the Ln2-P3-treated anodized and Ln2-P3-treated pure Ti 
surfaces (Fig. 4D). Therefore, we selected the pure Ti surface as a base that was treated with Ln2-P3 
in the ALP assay, real-time RT-PCR, and animal experiments. 
 
3.3. Effect of Ln2-P3 on osteogenic gene expression  
 
To further examine the osteogenic potential of Ln2-P3, the expressions of type I collagen, bone 
sialoprotein, osteocalcin, and Cbfa-1 were determined in MG63 cells seeded onto Ln2-P3-treated 
pure Ti surfaces for 1 d and 7 d by real-time RT-PCR analysis with various primers (Table 2). 
Previous studies reported that osteonectin, type I collagen, and osteopontin are early/intermediate 
markers for osteogenesis, while Cbfa-1, bone sialoprotein, and osteocalcin are intermediate/late 




































































Ti discs for 1 d, the Ln2-P3-treated cells showed similar (bone sialoprotein and Cbfa-1) or slightly 
changed (type I collagen and osteocalcin) expression levels of all four osteogenic markers as 
compared to their untreated and SP-treated counterparts (Fig. 5). However, this analysis revealed 
significantly higher expression levels of all four osteogenic markers in Ln2-P3-treated MG63 cells at 
day 7 compared to untreated and SP-treated cells (Fig. 4). These results suggest that Ln2-P3 has an 
osteogenic effect on MG63 cells.  
 
3.4. Effect of Ln2-P3 on ALP expression  
 
ALP is widely used as an early/intermediate marker of osteogenesis [29,30], and increased ALP 
activity is often associated with osteoblastic differentiation [31]. To investigate the effect of Ln2-P3 
on in vitro osteogenesis, Ln2-P3-treated osteoblast-like cells were characterized through the detection 
of ALP transcription/activity. MG63 cells seeded onto the Ln2-P3-treated pure Ti discs for 1 d and 7 d 
showed significantly higher expressions of ALP than those of the untreated and SP-treated cells, 
which was determined by real-time RT-PCR (Fig. 6A). Moreover, ALP enzyme activity in MG63 
cells seeded onto the Ln2-P3-treated Ti discs for 1 d was significantly increased compared with those 
of the untreated and SP-treated cells (Fig. 6B). The ALP activity at day 3 was also significantly 
increased by the Ln2-P3 compared to the untreated and SP-treated cells, but the ALP activity was 
notably lower than that of their counterpart at day 1. Together, these data indicate that Ln2-P3-treated 
osteoblast-like cells are positive for ALP activity. 
 
3.5. Effect of Ln2-P3 on osseointegration  
 
There was no inflammation of the bone near the inserted implants at the time of sacrifice in 
experimental animals. In light microscopy, no inflammatory cells were found around the implants 




































































treated implant after 1 week of implant insertion, while little new bone was formed in the pure Ti 
implant and SP-treated implant (Fig. 7A). More cancellous bone was formed after 2 weeks of healing, 
although new bone tissue was still slowly forming in the pure Ti implant (Fig. 7B). New cortical bone 
was formed in all groups after 4 weeks of implant placement, and the mature bone was anchored to 
the implant surface (Fig. 7C). Fig. 7D and E show the BIC ratio and bone area in each group. Whether 
the implant was installed on the right or left side did not affect the results (data not shown). As 
expected, the healing periods had effects on both the BIC ratio and bone area, with longer healing 
times corresponding to higher BIC ratios. SP-treated implants had the lowest BIC ratio at 4 weeks 
after implant insertion; however, Ln2-P3-treated implants showed significantly higher BIC ratio than 
SP-treated implants after 4 weeks of healing. No significant differences in BIC ratio were found at 
either 1 or 2 weeks after implant insertion (Fig. 7D). Significantly higher bone area values were found 
in the Ln2-P3-treated implant group at 1
 
week after implant placement. There were no significant 
differences in bone area at week 2 or 4 during the healing periods (Fig. 7E).  
To confirm the new bone formation around the implants, we determined collagen deposition in the 
threads of the implant using modified Goldner’s Masson trichrome staining. Modified Goldner's 
Masson trichrome stain is an excellent bone stain because it provides good distinction of newly 
formed osteoid which stains red. The histological sections showed strong red staining of osteoid 
collagen deposition in the threads of the Ln2-P3-treated implant compared to the pure Ti implants and 
SP-treated implants after 1 week (Fig. 8A, left). More collagen deposition was found between the 
threads of the SP- and Ln2-P3-treated implants after 2 weeks of implant insertion, while little collagen 
deposition was formed in the pure Ti implants (Fig. 8A, middle). After 4 weeks of healing, similar 
amounts of collagen deposition were found in all three implant groups (Fig. 8A, right). Next, to detect 
osteoblasts in the transplanted site, we used ALP histochemistry which was marked increased in Ln2-
P3-treated implants compared with the other implants after 1 week of healing (Fig. 8B, left). Although 
ALP expression was also found in the threads of the pure Ti implants and SP-treated implants after 2 




































































implants (Fig. 8B, middle and right). Together, these data demonstrate that Ln2-P3 has an osteogenic 







































































We explored the potential of a peptide to function as an effective osseointegration accelerator of 
implant materials by determining its effect on BIC ratio and bone area. A laminin-2-derived peptide, 
Ln2-P3, promoted initial cell attachment and the spreading of osteoblast-like cells in vitro. Because 
the initial cell attachment and spreading may be important for wound healing, our finding that Ln2-P3 
induced significant increases of cellular response in osteoblast-like cells, which are the major cell 
types inducing new bone formation and regeneration, was highly meaningful. Since the BIC ratio is 
important in osseointegration and for the long-lasting clinical survival of dental implants [32], in this 
study we investigated the potential for a peptide to accelerate early stage osseointegration by 
determining the BIC ratio and bone area. Ln2-P3 promoted the early stage of osseointegration by 
increasing the BIC ratio and enhancing bone area in vivo, as well as increasing cell attachment and 
spreading of osteoblast-like cells in vitro. These results were confirmed in the modified Goldner’s 
Masson trichrome staining of collagen and ALP histochemistry of osteoblasts in undecalcified bone 
sections of Ln2-P3-treated Ti implants. 
Because short peptides induce cellular responses without immunoreactivity [11,33,34], the 
application of these peptides to tissue regeneration is highly attractive. Furthermore, recent studies 
have investigated the biological activities of peptides in tissues and organs [34-37], and have strongly 
suggested that peptides are valuable scientific tools. In order for peptides to be used in biomedical 
applications, the antigenicity of the peptides and their effects on the inflammatory phase of wound 
healing must be understood. Acute inflammation is the initial response of the body to harmful stimuli 
and serves to remove foreign bodies and dead or devitalized tissues, as well as to prevent infection 
[36]. In this study, to bypass or minimize immune rejection, we used Ln2-P3, a short synthetic peptide 
of 12 amino acid residues which was previously identified as a biologically active minimal core 
sequence (data not shown) [15]. Our previous report demonstrated that the Ln2-P3 peptide coated 




































































compared to vehicle [38]. This finding may indicate that Ln2-P3 has low or no antigenicity.  
The optimal roughness of the implant surface for bone response is about 1.5 m (moderately 
rough; 1.0 - 2.0 m) in Sa [4,25,39,40]. An Sa value of 1.5 m was obtained from a Ti surface that was 
blasted with Al2O3 particles [4,39,40], and the optimal Sa value is different in SLA, anodized, and Ca-
P-coated Ti surfaces. In this study, the FE-SEM analysis showed that a greater number of MG63 cells 
was attached on the anodized surface than on the SLA surface, despite the fact that the roughness of 
the anodized surface was less than 1.0 m and the SLA surface was moderately rough (1.73 m). The 
morphologies and chemical compositions of the investigated surfaces were also considered to affect 
cell attachment [1,25]. Further studies are needed to determine the optimal roughness of each surface 
to promote cellular responses in osteoblast-like cells. 
The selection of the base surface of implant materials is an important factor for effective 
osseointegration. The Ln2-P3-treated, anodized Ti surface was expected to show the best result in 
cellular responses; however, in this study, a pure Ti surface was selected an alternative base surface 
for peptide coating because it required no additional surface modification before peptide coating. The 
cellular activity of the Ln2-P3-treated surfaces was evaluated without blocking the base surfaces 
because the cellular activity of the pure Ti surface was higher than that of the BSA-blocked Ti surface 
(data not shown), and a preparation of peptide-treated Ti implants without blocking was more 
appropriate than implants with blocking for use in clinical contexts. When Ln2-P3-treated, anodized 
and Ln2-P3-treated pure Ti surfaces without blocking were compared, the differences in cell 
attachment activity between the anodized and pure Ti surfaces at day 7 were masked by Ln2-P3 
treatment. The Ln2-P3 peptide, which was derived from the laminin 2 LG1 domain to promote cell 
attachment, had a stronger effect on osteoblast-like cell attachment than the type of the implant base 
surface that was treated with Ln2-P3.  
Our evaluation of ALP activity and the levels of osteogenic marker genes further confirmed that 
Ln2-P3-treated Ti surfaces may be beneficial for bone healing and osseointegration. More active bone 




































































markers were elevated [28-30]. Such expectations were confirmed in the in vivo experiments. The 
Ln2-P3-treated implant was superior to the other investigated surfaces in terms of BIC ratio at 4 
weeks after implant insertion and bone area at 1 week. Moreover, it was found that ALP expression 
during the experimental period and osteoid collagen deposition at 1 week were more definitive in the 
Ln2-P3-treated implants than the pure Ti implants and SP-treated implants. These results are 
consistent with those of previous reports, which demonstrate that laminin-treated ceramic scaffolds 
activate osteogenesis by promoting the attachment of osteoprogenitor cells [41,42]. Our study may 
clarify the role of Ln2-P3 by evaluating both the in vitro and in vivo bone cell responses around 
implants that are treated with laminin-derived peptide. In addition, Ln2-P3 is considered to stimulate 
osteoblastic differentiation by increasing ALP activity [31]. The promotion of osteoblast-like cell 
attachment and spreading, increased ALP activity, higher expression levels of the osteogenic marker 
genes, and superior histomorphometric results in vivo suggest that Ln2-P3 may be used as an implant 
surface modifier to accelerate the bone healing process and to decrease the overall treatment time of 








































































In this study, the effect of the DLTIDDSYWYRI motif of the human laminin α2 chain was 
examined in a rabbit tibia model and in osteoblast-like cells in culture. Ln2-P3 promoted osteoblast-
like cell attachment and spreading in the cytocompatibility assessment. Anodized and pure Ti surfaces 
treated with Ln2-P3 were functionally active in promoting both cell attachment and spreading, as well 
as enhancing ALP activities and expressing osteogenic marker genes in osteoblast-like cells. In an 
osseointegration assessment, the pure Ti implant coated with Ln2-P3 was effective for promoting 
osseointegration by enhancing the BIC ratio and bone area in a rabbit tibia model. Increased 
histochemical staining of collagen and ALP expression of osteoblasts were confirmed in the Ln2-P3-
treated Ti implants, indicating that Ln2-P3 is a good candidate for improving the biological 
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Table 1. Compositions and roughnesses of the pure Ti surface and the SLA, anodized and (Ca-P)-
coated Ti surfaces 
*
Sa is the arithmetic average of the 3-dimensional roughness, which means the average height 
deviations of a given surface area. 
†





  Pure Ti SLA Anodized (Ca-P)-coated 
Compositions (atomic %) 
Ti 89.6 ± 0.8 90.1 ± 0.8 28.1 ± 0.8 31.9 ± 0.8 
O 10.4 ± 0.8 9.9 ± 0.8 66.6 ± 0.4 57.6 ± 0.9 
Ca   3.8 ± 0.4 8.6 ± 0.5 




 (m) 0.65 ± 0.05 1.73 ± 0.25 0.68 ± 0.02 1.74 ± 0.08 
Sdr
†
 (%) 22.3 ± 2.4 101.5 ± 21.1 44.3 ± 4.2 91.2 ± 9.1 
Table 1
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Table 2. Primers for major bone matrix marker genes used to assess osteoblast differentiation in real-time PCR amplification 
 
Gene (NCBI ID) Forward primer Reverse primer Product size (bp) 
ALP  
(NM_000478.3) 
5’-CCCACGTCGATTGCATCTCT-3’ 5’-AGTAAGGCAGGTGCCAATGG-3’ 100 
Bone sialoprotein 
(NM_004967.3) 
5’-AAGGCTACGATGGCTATGATGGT-3 5’-AATGGTAGCCGGATGCAAAG-3’ 100 
Collagen type I 
(NM_000088.3) 
5'-CAAAAAATGGGAGACAATTTCACA-3' 5' -TCATGTTCGGTTGGTCAAAGAT-3' 100 
Runx2 
(NM_001024630.1) 
5’-GCCTTCAAGGTGGTAGCCC-3’ 5’-CGTTACCCGCCATGACAGTA-3’ 67 
Osteocalcin 
(NM_199173.3) 
5’-GAAGCCCAGCGGTGCA-3’ 5’-CACTACCTCGCTGCCCTCC-3’ 70 
Osteonectin 
(NM_003118.2) 
5’-TACATCGGGCCTTGCAAATAC-3’ 5’-GGGTGACCAGGACGTTCTTG-3’ 100 
Osteopontin  
(NM_000582.2) 
5’-CAGCCTTCTCAGCCAAACG-3’ 5’-TAACTGGTATGGCACAGGTGATG-3’ 100 
HPRT1 
(NM_000194.2) 
5’-GGTCAGGCAGTATAATCCAAAGA-3’ 5’-GGGCATATCCTACAACAAACT-3’ 131 
Table 2





Fig. 1. Proposed pathway for the promotion of cell attachment of PC12 cells by either laminin-2 or 
the LG1 domain and the DLTIDDSYWYRI motif (Ln2-P3) within the human laminin α2 chain. The 
Ln2-P3 motif as well as the laminin-2 and LG1 domain promote cell attachment through syndecan-1 
by inducing phosphorylation and membrane localization of PKCδ. PIP2: phosphatidylinositol 4,5-
bisphosphate, DAG: diacylglycerol, IP3: inositol 1,4,5-trisphosphate. 
 
Fig. 2. Animal surgeries were performed to install the investigated implants. (A) Two implants were 
inserted in the right rabbit tibia. (B) A schematic diagram explains the positions of the inserted 
implants. The inter-implant distance was about 8-10 mm from center to center. (C) Schematic 
diagrams show the arrangement of the investigated implant groups. Control is the pure Ti implant. SP 
means the SP-treated implant, and Ln2-P3 denotes the Ln2-P3-treated implant. 
 
Fig. 3. Cell attachment, spreading, and migration of osteoblast-like HOS and MG63 cells seeded onto 
the culture plates coated with laminin, scrambled peptide (SP), and Ln2-P3. (A) Photographs of HOS 
and MG63 cells adhering to the culture plates coated with BSA (1%), laminin (1.3 μg/cm
2
), SP (21 
μg/cm
2
), and Ln2-P3 (21 μg/cm
2
) for 3 h. (B) Attachment of HOS and MG63 cells seeded on plates 
coated with laminin, SF, and Ln2-P3 for 1 h in serum-free medium. (C) Dynamic monitoring of 
MG63 cell responses to Ln2-P3. MG63 cells (2 x 10
4
 cells per well) were seeded onto SP (21 
μg/cm
2
)- or Ln2-P3 (21 μg/cm
2
)-coated wells of E-plates, and cell indices were continuously 
monitored every min for 3 h; then, the indices were measured every 10 min for 2 h. Representative 
curves are an average of three replicate wells. (D) Spreading of HOS and MG63 cells induced by 
laminin, SP, and Ln2-P3. HOS and MG63 cells were seeded on plates coated with laminin (1.3 
μg/cm
2
), SP (21 μg/cm
2
), and Ln2-P3 (21 μg/cm
2
) for 3 h in serum-free medium. Cell area was 
measured by using Image-Pro Plus software. Data are expressed as a percentage of the value for cells 
Captions
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seeded on BSA-coated plates for 3 h. Data are expressed as the mean ± SD (n = 4). ANOVA: p < 0.05. 
Pairwise comparisons: 
*
p < 0.01. 
 
Fig. 4. Cell attachment of MG63 cells plated onto the modified Ti surfaces. SEM micrographs (A) 
and levels of cell attachment (B) of MG63 cells plated onto pure Ti surface and SLA, anodized, and 
(Ca-P)-coated Ti surfaces. SEM micrographs (C) and levels of cell attachment (D) of MG63 cells 
plated onto scrambled peptide (SP)- and Ln2-P3-treated pure Ti surfaces and anodized surfaces. Data 
are expressed as the mean ± SD (n = 3). ANOVA: p < 0.05. Pairwise comparisons: 
*





Fig. 5. Induction of osteogenic marker genes in Ln2-P3-treated osteoblast-like cells. MG63 cells (2 x 
10
5
 cells/well) were seeded onto Ti discs (20 mm in diameter, 0.5 mm thick), which were placed on 
12-well culture plates, coated with scrambled peptide (SP) or Ln2-P3 (21 μg/cm
2
), and cultured for 1 
d and 7 d in serum-free medium. Expression of osteogenic marker genes, including type I collagen, 
bone sialoprotein, osteocalcin, and Cbfa-1 was determined by real-time RT-PCR. RT-PCR for HPRT1 
was used as a loading control. Data are expressed as the mean ± SD (n = 3). ANOVA: p < 0.05. 
Pairwise comparisons: 
*
p < 0.01; 
**
p < 0.05. 
 
Fig. 6. Alkaline phosphatase (ALP) expression and activity of osteoblast-like cells seeded onto Ln2-
P3-treated Ti discs. (A) ALP expression of Ln2-P3-treated MG63 cells measured by real-time RT-
PCR. The culture conditions were the same as described in the legend to Fig. 5. (B) Enzyme activity 
of ALP in Ln2-P3-treated MG63 cells. The culture conditions were the same as described in the 
legend to Fig. 5, except that MG63 cells cultured for 1 d and 3 d were used. ANOVA: p < 0.05. 
Pairwise comparisons: 
*
p < 0.01; 
**
p < 0.05. 
 
Fig. 7. Light microscopy images of longitudinal sections of Ti implants from Ln2-P3-treated Ti 
3 
 
implant-implanted rabbit tibiae. (A-C) H&E staining of the wounds of pure Ti implant-implanted and 
scrambled peptide (SP)- and Ln2-P3-treated Ti implant-implanted rabbit tibiae for 4 weeks. Not 
enough new bone was formed at 1 week after implant insertion (A). More cancellous bone was found 
around the inserted implants after 2 weeks of healing (B). The new bone was mature in all groups 
after 4 weeks of implant placement (C). Insets are the magnified images of the squares indicated. 
Black arrowheads indicate the border between the new and existing cortical bone. (D and E) Levels of 
BIC ratio (D) and bone area (E) in wounds from pure Ti implants and scrambled peptide (SP)- and 
Ln2-P3-treated Ti implants in rabbit tibiae for 4 weeks. Data are expressed as the mean ± SD (n = 3). 
*
p < 0.01; 
**
p < 0.05. 
 
Fig. 8. Light microscopy images for collagen and ALP of longitudinal sections of Ti implants from 
Ln2-P3-treated Ti implants in rabbit tibiae. Modified Goldner’s Masson trichrome staining (A) and 
ALP histochemistry (B) of the wounds of pure Ti implants and scrambled peptide (SP)- and Ln2-P3-
treated Ti implants in rabbit tibiae for 4 weeks. Blue arrowheads indicate ALP staining of osteoblasts.  
Fig. 1  
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